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FOREVWORD

The work deseribad in this report was outhorized under Task 1B522301A0%7101,
Centract DA-18-035-AKC-172(A), “‘Dissemination Investigetions of Liquid and Soiid
Azeats {U)." Az outlined in the report only pyrotechnic dissemination is discussed
in this publication. The other majer method of thermal dissemination, which utilizes
o rezket motor, it discussed in Spaciol Technica! Repert No. 4. This werk wos
started i Anril 1044 ond completed in May 1967.

Reoreduction of this document in whole or in part is prohibited except with per-
mission of the CO, Edgowocd Arsenal, ATTN: SMUEA-RPR, Edgewood Arsenal,
Marylond 21010; however, DRC is authm ized to reproduce the document for United
Stotes Government purposes.

The informoticn in this decument has not been cleared for reloose to the
gonsral public,
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This documout reviews recent work accomplished towerd t¢he developmont
of on understending of the processes involtin in pyrotechnic dissemina~

itial literaturc survey chowed tnat nany importart phenomens
had never been investigated in previous studies on pyrotechnics and model
conponunda, including the temperasture profile through the combustilion wave,
the éffects of cperation at pressurcs other than amhient, and the effects
¢f both chemical formulation and pHVbjc¢1 processing parameters on theo

output efficicency of pyrotechnics,

The experiments which were performed te idnvestigate these areas

included wdiahetic sclf-heating (ASH) measurements, diffexc
gnalysie {(DTA) meesurements, burning rate messurements as a function of
prassure, temperature profile measurements in the combustion zong, and
agent yield meesurements utilizing a total recovery technigue. A con-
currcnt effort was made to develop a useful computer program which could

prodict the effects of formulation changes.

The ASH experiments defined the activation energy of = typical
pyrotechnic end of bimary mixiures of ite ingredients and showed that a
turning-rete derived activation energy is necessarily unrelisble becguse
of its dependence on the physical process of heat transfer. The DTA

ts defined the endotherms and exotherms to be expected zs o
functlion of temperature and were demonstrated to be a useful tool for

gcreening out experimental mixes which have an exotherm ot 3 dangerously

low temporature., durning rate studlegs indicated at pyrotechnics have

n barning rate law which resemblez that of zoiid TO““PtS. Temporaturae
profile mecsurcments indicated thot there is a significant preheat zons
shond of the combustion wave and that the char bed rowalning after posa-

%

cora oF the wave can slgnificantly influence agent decomposiition. Agent

1

yvield mecourementes demonstrated that larper pyrotfechpics were move effec~
4 wall ones and that the dissemination efflciency can he

grent resldence time,

)
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1 INTRODUCT AND BACKGROURD

The purpose of this document is to review the work accompl isghed
under Contract DA 18-035-AMC-122(A) in the field of thermal and pyro-
technic aerogol production processes. The studies were instituted in
April 1964 and terminated in May 1967. Gozls of this work were
to develop an rnderstanding of the processes involved in pyrotechnic
dissemination and to pursue in necessary depth those approaches offering
the highest probability of extending the gtate of the art and providing

maximm usefulness of these techniques.

At the start of the program a literature search was made to deter-
pine the problem areas which exist in the pyrotechnic field. Since
the pyrotechnic dissemination of dyes and smoke additives parallels

the disscemination of agents this work was also included in the survey.

The work reviewedvshowed that in the generation of smoke or agent
aerosols by pyrotechnic means, nearly all methods utilized 2 potassium
chlorate (KC10;) based pyrotechnic. Exceptions were exotic experimental
mixes suchk ag compositions containing "Pyrofuse' and novel experimental
castable compositions. (The Pyrofuse reaction utilizes the heat of
slloying of aluminum with palladium.) HManv othevr axtdiznrs “ave been
evaluated in the past but all have been abendoned, usually because of
the excessive flame temperature produced. Some more recent work has
investigated a wider range of oxidizers and fuels than (hose coumonly
considered. Many attempts were made by these investigators and others
to use Jdifferent >rganic and inorganic oxidizers, but none were completely
successful. Potassium chlorate still gppears to be the most useful
oxidizer for all smcke or agent aerosol-producing pyrotechnics because
of its ease of ignition, its smooth burning, and its ability to maintain

combustion nt low temperatures and pressures.

Sugar, lactose, and other similar maiérials whinrh oxidize easily
22 low temperatures are normally used as fuels. 2Sulfur is used pre-

domiuently in smoke-producing compositions. Its main drawback i1s the

11



question of its shock sensitivity in combination with XC1O;; several ac-
cidents have been reported which have been attributed to the sulfur-XC10,
combination. Nitrocellulcse (NC), olten used as a binder, furncticns as a
combination fuel-oxidizer. Carbonates, bicarbonates, kaolin, and other
Foolants are added to absorb heat and to provide a unifornm {lame tempera-
i

ture and a suitable atmosphere for evaporation of agent. These compounds
tend to detract from the overall effectiveness of pyrotéchnic systems and
gre particuliarly undesirsble for castable systems sirce the fine particle

size of the coolants makes casting difficult.

The inccrporation of burning rate catalysts has not been particularly
rewardinz in the pyro*echnic field. Incorporation of a palladium catalyst?
allowed 64 percent of methylaminoanthraquinone (MAA) to be disseminated
without degradation when KC10; was used as an oxidixer and the temperatures
were reported to be very low, The cost of the palladium catalyst limits
the use of such a system to the laboratory since relatively large quanti-
ties must be used to maintain combustion. Unreported confirmatory tests
at Edgewood Arssnal showed considerable amounts of dye were nol dissemi-
nated and the experimental munition tended to flame and exhibited other
undesirable characteristics.

It appears that, in general, future gains in pyrotechnic performance
will depend on the.formulation of castable compositions which can be nore
unifo.emly processed and which will allow improved loading densities of dis-
seninant. (Tie work of Resin Research Laboratories in the ¢ :lopment of
thio-syrups for use as pyrotechnic binders appears promising ) Addi-
tional work to develop low cost burning rate catalysts would also be useful.
Increased burning rates obtained without the penalty of an increased flame
temperatire would decrease the residence time of agent in the hot combustion
zone and thus decrease its degradation. Finally, the most efficient use of
existing pyrotechnics requires a better definition of weapon design parameters

in order to optimize both delivery and area covevage.

The other major dissemination technique which has been historically
investigated s termed hot gas dissemination. In this method the
disgepinant is not mixed in the fuel-oxidizer matrix as it is in a
pyrotechnic, but instead it 18 vaporized by the hot combustion products

cownastream of the ?lame zone.%-® Gas generators commonly employed

12



th2 vast for beth laboratory and dsvelopment studieg have utilized
ayenarse and air, godium chlorste and gilsopite, and armonium nitrate
and rubber?'? as combustidle cowmbinations. The agent or cimelant to

ne dispersed was injected into a low velocity region where the material
way convorted to an aerosol principally by thermal encrgy. The process
of thermal vaporization with subsequent condensation produces aerosols
with volume-tc-surface mean particle diameters (DO} usually smaller

than 10 microns,

The propane and alr furnace has been used extengively for the
menergtion of a hot gas under controlled conditions. This allows the
parametric study of the effects of important variables such as eaviron-
mantel temperature and gas velocity on both the yileld and the particle
sizo distribution obtained from hot gus atomization. An irportant
result ig that aerocdynamic forces contribute significantly to particle
breakuy when the gas velocity is sufficiently high go that both thermal
and kinetic energy must be considered. Significant progress has been
made in defining many of the important variables.®”7 However, it was
found that the description of particle size digtributions in the gen-
erated aeroscl required a separate egquation for each injectant under
oach set of experimental conditions. A trus urdorstanding of the pro-
cesses invelved, which could result in a univerqal correletion of tin
data, still eludes the investigators. Interesgtin;ly enough, many studics
which have bzen made on similar problems concerned with propeilant
vaporization® ? and the breakup of liquid jets in high velocity gac
streams-2r 11 do not appear to have been properly exploited by workers
in this field.

The prineipal variable which must be controlled in any diugemimation
technicue is the envircumental temperature to which the dirseminant
iz exposaed because Ligh temperatures will produce excesgive degradation.
Trhe principal advantage of hot gas dissemination ig that it offers the
reagsibility of 2 nearly inexhaustible range of gss compositiong fronm

EIR RS Ly T
SEESLEI A

ire spectrum cf solid propellants which hzve been developed for

ceoraicion purposcs.  In addition, eny desired temperature ig avallable

i
[



11 the snit cone of a nozzle where the temperature is a stroag functica
of orsa ratic. Fowever, a couaplicating factor is that the nature of
the carvior gas can influence the decomposition iate of the ~gont

being dispensed. Additionally, asolid particles of metallic chloride

in the exbaust gas formed by the combustion of potassium chlorate or
scdium chlorate are suspecied of providing nucleation surfaces for
condensing liguidg, thereby affecting the particle size distribution.
Chvicusly, the utilization of hot gas.atomization has many frontiers

to be explored; Stanford Research Institute work in this promising

area is reviewed below.

In general, the hot gas dissemination technique provides a method
for ejecting either liquids or fluidized solids with a minimum of de-
gradation. Two modes of particle size are possible--one of which lies
belo™ 10 microns and is produced by evaporation and subsequent recon-
densation, and .ne of which lies above 10 microns and is produced by
serodynamic breakup of larger injected particles. A controlled atmos-
phere during dissemination is possible with selection of miss flow,
compositicn, and temperature being available. In addition, the flashing
{rapid combustion) of sensitive agents may be eliminated by flow con-
trol of components. Further work should be done in this area to ex-

plore possible applications of secondary injection devices.

Ag reported above, work done by other investigators has pfimarily
been concerned with injection of the agent or simulant into a high
temperature, relatively low kinetic energy gas stream at iflach 1 or
leas. In contrast, studies here at the Institute have considered in-
Jection ¢f the disseminant into a gas stream which has been expanded
to velocities on the order of five times the speed of gound. Since
the gases are cooied upon expansion, the envirunmental temperature to
which the agent is exposed can be controlled, and in addition the
agrosol can be discharged with significant kinetic energy toward =z

choren target.

The technique developed at Stanford Research Institute atilizes

o ronket #otor with an integral tank which 13 pressurized by the chambex



gases., The tank is filled witk the fluid material to be aerosolized.
Fluid is forced from the chamber into the gas stream which has been
expanded through a D2 Laval nozzle. ¥Yominal conditions which have

been studied are 1000 psia in the fluid chamber and 25 psia at the
injection point in the gas atream where the gas itrezm has a velocity
correcgponding to appruximately Mach 5 with a temperature of approximately
1200°F. The injected fluid stream is directed at right angles into

the gas stream resulting in a complex system of shocks accompanied by

a very turbulent mixing region both in the nozzle and in the area
immediately behind the nozzle. Mixing in the plume is enhenced hy

the ingestion of large amounts of air into the generated plume.

The experimental studies performed using the rocket motor
disgsemination technique have been reported in Special Technical Report
No. 4 entitled, Secondary injection of C Agents into a Supersonic

Rocket Erxhaust. This work was conclude:} with the firing of three test

units containing agent CS. A summary ¢! the data from these tests
is presented in Table I.

15
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13 FETHOD OF APPROGCH POR CURRENT STUDIES

The current effort has been directed toward ap understanding of
the behovior of heterogensous pressed systems which are in cowmmon
uze (the exact formulstions studied were selected from those recom-
mended by Edgpewend Arsenal). If & satisfactory caﬁbable compozition
were evellable, mony of the existing pyrotechnlce problems wounld be

eliminated. However, our investigetion was limited to pressced

The literatuie survey discosgsd sbove indicated that much of the
bazsic data needed for orderly weapon design end formulation development

were miegling fron studlies porformed earlier on existing pyrotechnics

ounds. The most important unexplored polnts were:

1. Tie true yleld of existing pyrotechnics; i.e., the
percentage of agent which survives the combugtion
process. Values have been obtained which vary from

low yields te yields in excese of 106 porcent.

2. The true fleme temperature of the pyvotechnic snd the

temperature profile in the combuszstion wave.

i

3. Information on the true oporating pressure of pyro
technics and the effects of operstion at pressures

or than erbient. The effects of pressure on burning

Q
o
-
b

rate

gnd residence time apnzared to need sseecement.

tion of the effects of physicdl procosging
porameters on the efficiency end burning rates o
pyrotechnic mises. The relstionship of formulation

yerroduet formntion, and func ctionel re-

in noed of clasvififcstion.

in the different formulations.

w
w3
purd
3
*
St
o
2]
i
]
Q9
4]
pult
el
3
%

Tule hes nover boon sdeguntely exnlaingd,




naieht into pyrotochnic procepsos

veralng the effec tive gonoration

chinin & better descriptlion of the

<
o+
vl

P 1, 3 " - - -
cf =y aeroenl, it ic nocegoor

hernnl and chezical processos which occur during combugtion. It wag

b

yooernized that a broad gpectrum of exparimoents was needed to advance

oy vndarstanding.  In particular, =2 earveful mnoe bolance of the

wrrotochile prosess was necded to clarify the rolec of the verious

ingrzdients end decomposition products of the asrozol and rozidus.
The folloving experimental yro*"ﬂm wes outlined to provide the necesgary
inforzation., Our program was directed toward bagic moasurewentg

which had notl beoen made previously.

Adiabrtic gelf-heating (ASH) wsasurcments verc mads to provide

e

b

velues of the activation energy. Differcntial thermal analysils (DTAY
nEeourerents were mede on various pyrotechnle components to provide
dats on wzliing polnts, phage changes, and roaction temporaturas,

A technigue for obtalning burning rate measurements under pressurs was

devolopsd for pyrotechnice, and burning rates were evaluated for two

cemmon formalations as a function of pressure. Thermel conductilvity
mragurerents wers mo for common ingredients incorporated into pyro-

technices. Vapor prossgure gz a function of tempoerature was determined
for mrthylaninoanthraguinons (MAA)Y, a red dye often uead ag 2 gimulant
for apent (8,

Temporature profile studies of the combuztion mone woere degipgned

to yield ‘nformation on the thiclmess and temperature digtrihution of

the zone. Agent yleld meesurerente wore wmede utilizing o total ro-

covery technicue., The temperavure profile and agont yield mecmuvcmnnf

uging therascouple and photogravhic techniques were made in pyyatechnic
hevininre to duplleate actusl conditions.

9?fort wze made to develop uzoful computer tochnigvse

aformation chisined on the phyeieal and chomical DO

-

pyrotecknic ingredients. Portions of the exnerimental remslts

iucludzd in the progran irput information to limli ceriain p#ra"
atd

on and to rrcvcw+ coerplote choulenl cmvi? ihrium




11X TABORATORY EXPERIMENTS

in order to develop an understending of the factors dnvclved in

e,
jate]

cortbustion of pyrotechnic and propellant rompositicn, it is sppropriate

to examine the model depicted in Fig. 1 which represents the key
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FiG. 1 PROFILE OF COMDUSTION ZOME

iy-state combustion an invariant tempersture profile is
estsblished meresg the combustion zone; the linits of this profile ar
o) &t the

<




iz tho cordensed phese i controllod in a similay maonner, the ex

profile shape is moliiied by the thcvmhl diffusivity of the

medium concerned and is, of course, affected by the loecation of exo-~
thermic and endothermin reactions occurring in the geseous sud condenscd
phases, It is {huws apparent that the actual physico-chomical model is
rather comulon; howover, certain well-definsd deductions can be made

PN N Tas
o~

abouvt ti: dependence of the rate on the initisl powder tompera~
tir e snd the nature of bulk reesctions that may occur at elevaled teome

soratures (thermal explosion or asuteignition reactions).

In composgite propellant combustion it is recognized that the
temperature dependence of the burning rate is related te the change in
flame temperature which is caused by the ambient enthalpy voriatlon. to

hie agsoclated change in the surface temperature, and to the 'concomitant

r—L

cffect on the overall reaction rate, which was assumed to obey an
~E,/RT N
Arrhenius-type exprcsaion (kx = Ae T2 }. In this regard it should be
noted thet the combustion of ?"10t€chﬂic mixce is very complex compared
with the simple recctions ordinarily described by the Arrhenius eguation,
The veluecs obtained are therefore not eguivalent to theose ordinsrily
derived in kinetic studies; however, limited mnarogies czn be made, It

is guite obvious that the appropriate temperature to use in an Arrhenius—
type relationship is somewhat arbitrary, since the kinetically controlling
reaction must occur in a zone where the temperature is somewhere betwsen
the flame temperature end the initial powder temperature, Attempts to
identify the critical temperature can be made uzing differentisl thermsl
analysis (DTA) and adiabatic self- he,thg (ASH) technigues. These experi-
ments sueecst that for s sulfur~hflo mix exothermic deflzgration océura
at sbout 117° ¢ (see table II, page 23); this could fix & lower bound for‘a

criticenl surfsce or subsurface rcection temp2reture., The very low reoctlon

»roture 15 dus to the low heating rate.

2 on pyrotechnic burning rates ot & renge of elevated

nod by Edgowvood Argonsl, snd the burning ra

-3 . g " ) f 4 .., i U S P
ar prri of the present gtudy, show that compnaite pyro-

e W g g o ¢ e P L oy — - .y o
vortados bern dn s ogirilar wmanno: fhene
Y o o v P . . " 3 " g - v“ g s
et eernmt thevefore that the poeuds setivetion enorgy’ obtained fron
~
20
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the cratore sensitlvity of the buraing rate, sg meastred b Barowoo:
Arvponed dis related primovily to the depandence of heat trons.

tomnorature prodient botwesn the gas phase and 8 cyitical yeacilon zong

{porhens 8t 2 solid surfece or ir e melted zome). The low value for the

" LA Tt P xr s 47 wew
bu-uxmgmratemucrivcd ac on enargy appeors to b% adeauntely ex

Py R
Vet 1519

[<d
fuin
[H

o~ oy A

the tempareture dependence of a physiecal prozesg~-that of heat

1t cowld, porheps be explained by a heterogencous catalys
process: wowever, the anslorons behavior of most double-~base powders,
compos.te powderg, and pyrotechinice suggeste that a physical ratier then
o chemienl erxplanntion 3s correct. Thus, one cannot directly compare

s

the pooudo sctivation energy obtained from burning rate measurements with

i

tho valve obtained from the ASH measurements discusceed bolow,

A, Adiabatic Self-Heating (AS F) Experiments

The ASH technigue ig extremely useful for obtailning the overgll
activation energy of s complex combustion process, The present work was
. ; 2
wased upon an approach gimilar to thaet described by Gross and Amster.t

‘he pressed pyrotechnic sample to be exomined is set in the well of a

o]

smell aluminum cylinder which is wrapped with a Nichrome heater. The
suwmple is Then heated to the temperature at which self-heating be ring,
Tee rising tempersiure of the sample is followed precisely by the tem-
perature of the highlv conductive aluminum block, The sdisbatic coniral
is accomplished by the gpparatus shown in Fig., 2. Thermocounles located

in the zampie center and at the wall of the well measure any temperature

~difference bastween sample and enviromment. The differential volt»p from

the thermocouple pair is fed into a temperature control system convis‘in

of the following: (1) Lecds end Northrup DC Null Detector, (2) Leeds and

Korthvep Series 60 current-zdjusting-type control, and (3} magnetic ampli-

e blh.k,
ficr. Ths wmapnetic emplifier delivers power to the control heater to
mrintain adigbstic conditions as the sample temperature rises., For each
o plot of the logarithm of the rate of temperatuxe rise (deg/min}
vercun the dnverse temporature (05‘:)"l i prepsxed, The sctivation energy

on the slope of this plot, wm = -E /R, The

,r;

Ot TR T R S
of the gammle i Found £3

foeoovency foactor A, iz thr intovrcent of the curve with the L/F axia

R
et




FIG. 2 ADIABATIC SELF HEATING APPARATUS

Tebhle II presents dato obtained by usging the ASH technigue on
Itypical pyrotechnice and binary mixtures of component ingredients. it
can be scen thet very high values for the activation enerwgy Ey arc
obtained for the complex pyrotechnic mixture, while the binary amixtures
of nulfur znd MAA with EClO; give smaller velues for E,. It should alsc

be neted that the binary mixtures deflagrated at different tewpersturcs.

The deta in Table II show that while the asctivaticn energy for both
the redox mixtures of sulfur and MAA with oxidizer are the same, the
comnanrative recction rates (as weasured by the freguency factor, A)
differ by several orders of magnitude, These data ere highly signiflicent,
gince they give us a method of comparing the relative oxldetive stability

o

zrent and fuel components in the burning pyrotechnice mix., A& woy

= ts
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ful tool for

chnlon ie tha

- » o A - : - % o
chown the endothormo and exotherms

o compournds 1s heotsed, reflecting

voienl effents such as melting points, phece chenges, and cryginl

and plo

shifts, Tho epparstus emplays two accurately wmotched thermoccunples which

gre electvically wired to provide the differentic =8 g the ou tpde.

Tunis =ipnel i then arplified end recorded samnle teme-

[
re,.  One thermocouple is plsced in each of tws nle holders, ons

of which contelnz 8 mp of the material to bhe evaluated gnd the other of

viileh contoins 5 rz of gluminum oxide (A150.). Euth seumple holders are

R iih

placed in sn electrically heated metal block. The temperature of the
block is then roised et o uniform rate of 16°C/min while the diffe?' tink
tenperature of the samples ig recorded. Initinlly some problem was

Gue to convective air currentg cooling the heating block.
Yo allevicte this problem the entire block wag covered by & susll ball
jar (Fig. 3£2)). A picture of the ccmpiete DT apperatus including . rate
coniroller end %-Y plotter is shown in Fig. 3({b}.

& serizs of DIA experiments have beeu performed with common ingredi-
ents used in pyrotechnics, The DTA troace for KCi0g (Fig. 4) indicates o
meléding point of 365°C in agreement with the 1iterazture'? which reports
valuer from 3 50 to 322°C. The exatherm is thought to be due tc the
decamnosition of 010, which is reported to occur hetween 470 an 580°C

ow Hhe purity of the semple. The referencet®

indicates

ition of KU10, should be endothermic, The emothermic reoue

-tion is veported to be due to crystallization of the by-producis of

gonomposition., The second i xotherm iz poctuleied to ke the result of
.

N

cipd brockdovn and regultant scceleration of oxygen generntion.

£

. 5} ig presented to show the eff

o gezond tracs (?Lg ects of

QTS COmRonnLE

=3

s1iic compounds o& th deconuozition of KUIQ;.

el

et pe hwrm‘ﬂ rate cotalysts with 1livtle ewccess, although KULCs

1o clenyly giima] ¢f these compounsds,

- d Sl end Am gan Ty T . s,
gonsiiivity wonld bo exnozated
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difiers has been demonstrated on solid rocliet propellent systems with

Noux

suceezs, and any serioug bury iﬁ” rate studics for pyrotechnics ghould

scerecnins of pogsible catalysts.
G A

include I

[}
B2

Figure € is a DTA cf the cs pyrotechnic mixture containin 40.6}
C8, 25.2% EC1Cs, 3.2% KC, 11.6% ke zolin, 12.4% lacticze. The melting poirt
of the CO is indicated by the fivst endotlk vm.,  Autocignition of the sowm~
ple iz indicsted ot BPET oximately 210°¢ with self-heeting starting at

. 3.

< anO . -1 : '
anproxizetely 180°C, Ezch of the major ingredients were run individusily

i e

inptlion. Aactose, Fig., A-1 (see Appendix), ig seen to have an

(*/ @y
180°C and onother e+ 220°C which i ve A“dted to be the
Tie welting is epporently followead eiame ¥ by exothermic

tion ot /m;}

rowinately 25" &
poind

1ty up te 600° €,
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bz dotected. Figures A-3, A-4, and £~5 ghov
FriGy-lectone, and FCi0y-Ki-loetose mixtures.

' 4Ty 5

ory repid emothersm st 190° C or legsz. Loctoge with

' : [ "
eoration at approximotely 185 C in bhoth tests,

. , SR, o
did not ignite ond an endotherm is noted at 3307C.
(Fig. A~6) shows no interaction, since the endo-

therms of C8 and the exctherm of NC are evident. KC10; and CS sre shown

(81

to recet (Fig, A7) bolow 27“00 and the typical CS endotherm gt 315 °C is

s

08

ot evident indiczting destruction of the C5. A mixture of KCICy-CS and
icctoze (Fig. A-~8) shows the CS melting point snd the lactose endotherm.

(o) - . N
,4 exnthers at 210°C and the lack of an endotherm at 315°C indicates

L sulfur-CH mixture DTA (Fig. A-2) indiceted no reaction between

sviivy gn? G5 up to the boiling point of the C8. This

imteresting, since all attempts to foroulate & KC10,-sullur yrotechnic

ot} Sclen’ 3 J
RO TTOTRNS

and €8 iz

Wove feiled. The UTA indicaties that the resction betwes
net highly excthermic if e resetion does occur. Kr. Diensr, Edgewscd Arze~-
S, hns dndicated that 2 regetion between C8 and sulfur doess occur though

the exnct nature of the reaction 18 not kgown.

Tie DTA deta from the HAA pyrctechnic ingredient combinstions are

ghown in Figs. A-10 through A-18,. This particular formulation is known

[

heo scmevhat shock sensiftive and thermally unctable. Figure A-30 indle

R IT

cates » deflzgration exotherm at under 220°C. A DTA of sulfur-EC10,,

.

N “ ,? . G . «
indiecntes an erotherm nt 175°C. Andi cion of He¥ECO, to the .

mivlure supanyo Lo 90 noitize it even novre 3n? the rapid exct
bo 2 i

. o FN . .
occur ot 185 C (Fig. A~16)., The Na¥0; decomposition gcen in

and A-1% is Cempletely shsent in Fig. A-1€. It is
2

thot tuere is an intoroction batween the three ingredicnts

Ay of.the ang

& ot R .5 Ve, J o o
1o thourit o procood in &
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e probhably activeted by the goneration of

o - oy g% K Y ey o iV e N f E] . R
woenrbon dlonide fyom the deonnponiilion of

n-tenperature orf the WILO;-¢ renation,

iz o versptlilie to0l end provides sipnificont informotion

T, HMizmes vhich avre ervperinentel in naturs woy be

o
technigue, and those which show en exolhern ot o

gonserously low tomuperature may be discerded befeore further effort is

in thoix development. For exemple, 1n a seporate, unvelsted

nt telluriunm dioxide was being evelunted az o cantelyst du e

Lo W

burzing rete study. A sample was stored overnight in a reletively low
ht the spnpie defligproted.

ternorniare oven {126’5) end durine the nig

Another smmmle wae then prepared and anslyzed on the DTS espparatus; it

1w o
woe found thot sn exotherm exleted et very low temperature (74°C) so
the deflagration was not surprising. If the D74 had

. run before further work was sttempted, this sceidental ignition

coula have boen svoided, The DTA wes subseguently performed on zll
euperinsntel formulations a3 2 routine safety precoution. DTA rezultg
do not prove cthot a mix 1g safe to process, but they definitely indicate

of a low temperature thermel instability.

o]

those which ere unzafe becaus

[
r{u
Sk
g
¥
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It ghould ke noted rietion or impoet sencitivity are not detected

frow DA enslvees,

The D74 apparatus is recommended as a standsrd test device for any

group involved in pyrotechnic formulation work, Testing ig siwple,

end low in cost. & high teuperature DTL oporzble to 1000°C would
: & & -

for determining the endotherms of verious coolnnt materisle

2 omey be under evaluetisa,

- 2 . [T : o Fs
i, ring Bote Heanuvronents
T B A TR S W s o E 1
[, s ] T NN K1 sty prn, oy e - aon, o3 (N S,
o fFound dn the Literoture conreornd The
B Sreame i e 3 ' o B - by o ot K - ' o,
Fimes JOER st przoouten above stmacphoric prosouvrs, Mo

. Py gae omte £ B -
G5 8 RIGCGLON Ok Drossnandg,

imdideating




rohicom ereas exlset which could be potentielly

pressure operation of pyrotecchnics. The first of

w2k

boraingy rate problem. At the present time, no suiisble
lov-acont acotpalysts are evailable for obtaining high burning retes, in
the range 0.1 to 1.0 in./sec, at atmospheric pressure. The exlsting

metlhicd for decreasing the burnian~ time is to simply increase the burning

surface arex, However, burning rates of solid propellants and pyrotech-

nics ere normolly directly relaten to the pressure by s simple povier

function, Often o sllpht increcse in pressure will increase the burning
ate severalfcld, 1In addition, & higher pressure provides for more
ctfficient combustlon of oxidizer and fuel combinations., This greater
burnlng cfficiency could result in a decrease in the fuel and oxidizér
reguirements for pyrotechnic formulations allowing greater concentrations
of zgent to be used., Higher pressure operation would also azllow the
derign of larger devices which might move about under thelr ownt power =g
is currently dome with existing "skittering" devices,
kreunurc«burnjng raete data have been obtained for pyroctechnics con-
adning MAA snd CS over a range of pressures from 14.7 to 780 ps

The te were obtazined in a Crawford gtrand bemb which was pressurized

vith dry nitrogen (Fig., 7). Constant pressure is meintained by bleeding
off gss during burning, and burning is timed automatically by melﬁinﬁ

smnll wires which start and stop timers,

PR

Pyrotechnic samples for burning rate determinations were pressed
into eslliulese acetate tubes using the dle arrangement shovn in Fig. &.
A seorien of Five scparate pres sings were used oﬁbeach semrle to obbaan o
styznd density. Samples were 5/8 in, diameter by 2-1/2 in. long

n'v and gtopping,

+
»
*‘?
;.:.

with metallic lead wiwes through them for clock sta

€8 semples were fitted with s thermocouple in addition to the lead wirer
used For timing., The thermocouple was located inside the szmple approxi-

Figure © shows the method of holding the

o]
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FiG. 10 BURNING RATE vs PRESSURE FOR MAA PYROTECHNIC

The MAL gtrend burning rate studies also illuvstrated the dependence

of useful ggent yield on combustion environment. At low preasures a

o2

thick feathery costing of red ¥AA condensed out on the walle of the bomb,

Ar the prezsure was raised toward 500 psi the costing beceme thinmer and

Ry

chiznged to an orange coler, and st 780 psi the coating was completely

blaclk, indicating complete hreahkdown of the sgent. The incressed degra-

éntion in & congseguence of the increaced recldence time in the combuztion

*;.L
3

zone during burning ot elevated pressures and of the incresced flzme tewe

1ads

bigher pressures. Ho &ttem:' oS WD 0 optinize

3]
cr
5

2
&1

3
[
0
s d

porvetare present at the

formuintlion for eny glven pressure.

A gimiier gtrend burning rete curve (see Fipg., 1

8 pyrotechuic gt geveral velusn of strend

Tian forrolstion contoincd 40.6% €3, 3.2% ¥3, 11.6% keolin, 19.4% lastose,
et BELED FULO, . Borning rate ehonges due to forping-proessure differcnoas
EIOe m te b2 simnificent em lopem es the cbeorps wing consalideted
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Fit, 12 PLOT 01’" BU 4d TEMPERATURE vs PRESSURE — AS MEASURED

£t bhirher pressures, shove JOC peia, the temperature uppesys to take

A7

e gudden upvard ghift. COT“LtCT celeulations for the aediabatic flame

verroroture show en even higher value in the rerion of 1002 pzle. Such

fiame terporatures are unoccentabhle ffom the standpoint of agent depro-

getion.,

ime that the epgent srnends in the hig erperature {lome

ot thot

PN

w1y incrvesces the burning rete (end thorefere desrences the

YY’A} q\'"i

FaE»

renidennn timad without reiging

e Leais

& geries of cotslystis aunc@smfullr rc% ip burand Rg rote w&xk

avelvatel. The atp.d"rﬁ m}?*““ﬂ of 40.6% €I, 3.2%9 W, hoolin,

I e

o e N . . .
A , nnd S5,.8% ECIO. wee studied with 1% catelyst iy
ol tert rooniis are ghovn dn Teble IXL.
o




Tehle EKI

EFTECT OF EURNING BATS CRTATVEIR

o 1 £ e

Burnim” ﬂ“ﬁe
Catal ,' :
reiye (in./s=c)

0,017
0,013
Cupn o 0,011
Fel : 0.012
Fes 0, 0,012
My 0,011
¢.011
0,017
0,015
0.,01%

Contrel (oo catolyst)

QWM”” chyomitao

Ferric octonte

O

Ferrocens
Cul

Ferrle acetonyl acetonoafe 0.012
¢.013

Chirome green

¥, Cra 0y ' . " 0.015
0.012

li-butyryl ferroccene

These recults ghow that no burning rate enhancement is obtained; inztesd

depression of the burning rate wag conmon,

In view of thie result, attention turned to burning rate stimulation

x 0.008 x

3

by improved heat conduction., Revere sluminuw needles (0,001

0.25 in. lons) were presged into the standard pyrotechuic at mage loeding

Levels of one, three; and five percent. The results, shown in Teble IV,

indicate thot the burnling rete woe not incressed sigﬁific&nﬁly by this

Axn sdditional medification which wea trled wos to sluxyy the

hootc pyrotectnic with scotone. The slurrying tCCJHiQ o perpits contact

shum ehklorete and nxtrcﬂnl}u1owu ﬂﬂﬁ'ETOVidﬁS an ignitlion

PR
[

s pnhr”
343 pﬁ?tdclﬁ ezglomerates which should in principle stimulate

A elurey éaﬁﬁmimimw ali 1nw nesdles wes pressed into

ROARRLLE @

1o gnd burned, but no eignificant burning rate incresse was
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stic veloeity c® ig given by

& ( BT ) )1/73

ke

; o gy
k{(ﬁ/k+1)(h\1)/(h 1)

» !

¢ ¥ s the spscific heat ratioc and K is the gas conctant, both for

the product gases,

For the MAL pyrotechnic k was calculated from the preduct gas

st

L

o

W

A
[}

snalyois (see Section IV-A on pyrotechinic experiments) to boe 1. and
B to be 1475, giving r¥ = 2800 ft/sec from the above equation., This

value was vged to calculate orifice sizes in the pyrotechnic experiments,

¢ Qi

Another parameter which is required for the calculatioﬁ of At is the
pyvotechnic density (p) which depends upon the forming pressure, Curves
of deunsity as g function of forming pressure are shnown in Figs, 13 and 14
for €S and MAA pyrotechnics. It should be noted that experience has
shown that the changes in density which occur tend to be compensated for

in the burning rate so that the mass ejection rate per unit

surface arca of pyrotechnic is nearly independent of the forming pressure,

. Therinl Conductivity Measurements

To support mathematical modeling studies of the combustion wave,
thermal conductivity measurements have been made on both the pyrotechric
ingrcdiemﬁw and the pyrotechnic mixes, The device used was an adaptation
of the Cenco-¥Fitch type. Differential temperatures are mezcured soroos

the gopooimen at repular time intervals afier the materiasl is contacted
by o heat sinlk on one face and 2 heat gource of a higher temperature on
tho other face. The slope of the curve of time versus the log of the
difforential emf is a measure of the thermal conductivity. Specimens

wore preparved ueing a l-in, die. It is possible to press the semple to

ST S q PR 30 AN . 24, " - b Y - P B 4 e > ”
tlwely undfori density, since the semple thizlnocs ic only 0.5 am.

ol

xa whieh were equel to acotusl
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o devico (Fig. 185} 43 ch,uvucteﬂ

(X O”’“”P e ccr uPnt tcxpe“abu;e,

with 21l suvrfacas

not showvn.,  The heot

The -heot sink fupper

so thet {he snecinen can be
The measuring potentiomeier

gonrce {(lover biock) igc

iuo of & pot which ig heated with bo “Ixmﬂ water

blgek) ig inav-

lat@ﬂ by a StyroFoem riny and iw backed by a low co ix@uiVi'y plu” msde

of Tuorx*&*ﬂfou. A micrometer screw drive is used to bring the block

domin to the f ce of the specimen and then to compress the backing

woterial 0 Q@ in, A calibrzted dial on the screw ig used to negaoure the

A Lecds

ot ox.compression.

arap

[$1

and Northrup potentiometer and zn external,

i'ﬁ»”’hﬁll indicator arve used to measure the enf between the thermo-

couples at the heat source and the hest sink.

Tone wote of fiow of heat through the specimen is egual to the rate

f heat transfer to the upper cepper block (the hes

‘.I{A*. (Tl - TT
X
vhere

K = thermal conductivity of

A = sgyes of the upper block
grecter to minimize end

Ty, = constant temmﬂratur of
T o=

t zink)., This can be

10—
Mc dt

the material

{the specimen area is
effects)

the heat souvrce

emperature o? face of material in contact with

2
% = thickress of the speclmen

FiY =

¥ = meeo of the hent gink

t!!

¢ =

zpecific hest of the hest

sink

&A= rete of incre&se of tcm a2reture of the hest sink
< .

T e
SRS SR S G

.;.«‘
S

g e

fue diffevontisl emf, V, bﬂ tween the tvio thevmocouwleﬂ et the bheat

7 iR the heet sinlk i proportional to tho temperatuvre difleovence,

V = ¢c(y - T)

A~
it
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of the pyrotecknics listed in Teble V were:

42% MEA, 11% sulfor,

The

i. WAL pyrotechnic mix Mod 1 consicted of
16% sodium bicarbonete, and 28% potessium chlorate.
ingredients were dry mixed end pressed at 64906 pei,

2. CS pyrotechnic Mol 2 consisted of 40,6% CS, 12.4% lactose,

25.2% potessium chlorate, 3.2% nitroceillulose, and 11.6% ksolin,
2 2
The ingredients were dry mixed and pressed at 6400 psi.
3. ' C8 pyrotechnic Mod 3 wes slurried with ¢.8 parts per hundred

of gcetone prior to pressing.

CS pyrotechnic Mod 4 was slurried with 4.8 parts per hundred

329

o

of scetone with che nitrocelliulose ﬁredispersed in the gacetone,

5. CS pyrotechnic Mod 5 consisted of 35% CS, 30% KC10Qj5, 25% lactose,

10% kaolin, and 3.43 added perts per hundred nitrocellulose,
One hundred grams of the CS, potassium chloride, lactose, and
kaolin mix were slurried with 32 grams of acetone containing
3,42 grams of aitrocellulose in solution. The mixture was
diried end then pressed: this procedurz reproduced Edgewood
Arsenal technilques,

It will be observed that the highest thermal conductivity of any of
the pyrotechnic mixes was obtained with e mixiture prepared by the Edgoe-
wood Arcenal procedure. Materlels were pressad at g pressure of 6400 psi;
reasured dencities were 1.470 g/ce for the dry mixture CS pyrateéhaics
end 1.455 g/cc for the slurried mix. The higher conductivity measurcements
can be attributed to the intimate mixing which is o tained using the

technigue end the higher particle density which results.

glurery
. Hethyleminoanthraguinone (I8A) Vapor Preszsure Messurcoments

The efficlency with which an agent or its simulent is dispersed

depontdn on ite vapor proasure-temperature behovior, For this reason,

vepar presaure krescurements on the simulent MAA were underitaken at the

A JTRNRNC U S 2 ]
givoention of Bdsovaed Avasnal,.




Tehle V

TIERYAL CORDUCTIVITY DATA

FOR F‘AE":GTEGH}EIC INGREDIENTS AND 1F XTURES
i Therral Conductivity, K
r " Msterial - | (grceli-en/°C-enP-sec)
 Pethylominosnthraguinone (HAL) £.515 x 107
Sulfur 2,785 x 107
HeHCOg 4,745 x 107
CE0104 7.492 x 107
cs 9.818 x 10
FKitrocellulose {(WC) 14,47 = 10™
Koolin 12.84 x 107
nctose 10.87 x 107™%
i4A Pyrotechnic Mod 1 11.27 = 107
CS Pyrotechnic Mod 2 | 11.54 x 107
5 Eyrotechnic Mod 3 13.48 x 10™
C8 Pyrotechnic Med 4 13.1%  x 107
CS Pyrotechnic ¥od 5 15,14 x 107t
facite Control | | 6.703 =z 10~
Initially an attemnt was made to determine the vapor pressure of
r_h*%CaT grade MAA obta lned from Wclesson and Rebbins, This mecterial

was found to ke highly impure, and some decomposition or chorring occurved
wh@n the material was dried under vecuum at 20°C.  The imnuritiar evi-

donced themgelves by the residuel gas pressure 1cfi in the lsotensiscona

(Fig, 16) afier cooling. A-secand experiment, this time ~ith material

obteined from & ”Q?iC?ﬁ Cysnsmid, wes performed, and agair the woteviel
- o . S
ven dvied st €0°C under vacuum., Decomposition still oocurrsd, with some

!
L

chavring ot the melting point.end above,
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Cyanarmid 44 was loaded into bulb 1}, through arm &, which wap then scaled
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FIG. 14 ISOTEMSISCORE

1% was epperent from this preliminary work that any materiel which

v

voo $o give accurate valuea for the vepor pressure needed purificati: t.

Thic wop pocomplished in the apparatus showm in Fig, i7. The Americsy

off, stom half wes heated to 1856° while evacu&ting throush C;

YRS

(L]

wire sublinmed, div*ﬁl“w» (&L@ko nelting wpoint) intoe bulb &,

s

ned in buil i; tLis section 21 i exyw € were then

, e
denonit ve

he sanple was

e+

from tho vest o? the tube, In a similer way,

% st 185°C leaving neglirible residus, and

el & wae corpletely senled off while urf@r & vacuum of 2 x 10™% torr.

-

Lfied materiel wos suh"@qu@nﬁly él““'13$ﬂ inte D and & &

b d

LA obtelned in this monner wos VG““ axr“; it ie

nowWeD o rcsm '+ of drc““mﬂawnkcr ‘or trenefeorred cone

Rrve sirnly boon pveduaem by the state of

: S . R e - _—
~any evant, thet seotion of B kuﬁniniua
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FIG. 17 SUBLIMATION — DISTILLATION TUBE

the materisl with the least dark coloration was sectioned off and dropped
directly (Pvrex and sample both) into a third and smaller isotensiscope.
The measured vapor pressure of this material is listed in Table VI and

showvn in Fig, 18,

Compared to transpiration and Rodebush methods of measuring vapor

ressure, the isotensiscope technique is ideal for detecting decomposition

he

i the surstmospheric range., Hewever, in this particular case, the vapor

Pote

pressurce of the compound is very low at relatively high temperatures so
that the precision of the measuremente can be advercgely affected by any
temperature gradients which may develop in the mercury column. This fact

c

ool

n be better appreciated when one compares the vapor pressurce of the
liquid with the vapor pressure of mercury over thc range investigated.
The vapor pressure of mercury rises from 6 mm, at the melting point of
KiA, to 80 mm at the highest experimental temperature, At the higher

' (o]
temnaratures, a gredient of 1/2°C across the columns of mercury wil

‘produce a pressure difference of 1 mm, due to mercury alone. It is

suspected that the two measured values which lie well above the curve in

Fier, 18 (at 214.3 end 222.8°C) were produced by such e gradient,

Tie gonernl agreement of the experimental daie would appear to

cehlick their validity; but, in light of the above discussiorn, it may

tn noncider veridiying these results by an slternative technigue.

46
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Tho Venor preccure curve can best be represented (meclecting scatter)

by the enuntlon:

4"
logp = ©.2234 -~ ‘?’0

1

X

where p is the pressure in millimeters of mercury and T is the temperature

in degrees Kelvin,

The hest of‘vaporization calculated from the slope of this line is
20}0 keal., This value appears to compare well with the heest of sublimi-
notion velue messvred by Beynon and Nicholson'? of 27.4 kecal. Comparing
these values with similer values for the parent compound anthraguinone,
where AM_ = 25.2 keal and AH, = 15.8 kcal, the egreement in trend is
reagonehly good,

Beynon and Nicholson's value and the extrapolated vapor pressure atb

the melting point were used to calculate the sublimation vapor pressure

curve shown in Fig, 18; If the data are extrapolated to provide a vapor

- pressure of one atmesphere, the corresponding temperature is 41600.

Although the data do not provide completé 1nformatidn over the range
of pyrotechnic operating temperatures, extrapoletion of the data is
practical up to the point of decomposition of the MAA. There is some
evidenée of MAA decomposition at the temperatures already achieved, but
by using one of the other techniques available, such as the transpiration
method (up to 300°C) or the pyro-gauge technigue (500-600°C), the vapor

pressure can be measured at much higher temperatures,




iv PYROTECHNIC EXPERIMENTS

in order to properly identify the critical processes cccurring
during combhustion of a pyrotechnic, it ig imperative to oktain & ~rinful
matpriel balance before and after coembusticn. An exparimentsl study
of thz combustion wavs iteslf is also important because the product
guaos formed in the flame zone and in the ash bed provide the enviroamsnt

in which the agent must survive to bzcome a useful weroscl.

A Mags Ralances on Pyrotschnica

In the past nearly all quantitative pyrotechnic output date have
begn obtaired from aerosol chambers. The technique incorporates a
large chauwber which is continuousiy stirred by a fan. A pyrotechnic
is fired or burned in the chamber. The fan iz started before the
pyrotechrlic ig fired and continues after the firing has cessed until
sampling is complete. Samples of aerosol are taken from the tank at
intervals of time. A carefully measured one-liter sample of aerosgol
is paased through a total filter, and the filtrate is used for agent
analysis. The sampling is done periodically for several minutes, and
the concentration of agea! in the tank is then plotced 28 a function
of tims. The values obtained are extrapolated back to zero time to
estimate the initial concentration. This concentration iz then taken

as the true output of the pyrotechnic.

¥Wind tunnels have also been used for cutput messurements., Wind
tunnel measurements require a well-mixed, uniform flow of rerossl,
and the technique may be quite effective if the aeroscl flow through
the testl section is homogeneous and if continuous sampling is used.
In general, however, despite careful calibration, precise rweasurements
aro difficult by either of the ahove methods. Using chamber or wind
tunnel techniques, maszg halances of pyrotechnics are very difficuls

o obtain.



In cur vark kore at tho Institute it wars docidszd to upe o totel

rnling tenhnique by capturing oll of the cutput from a given pyro-~

sde and performing suitable chomicnl enalypes upon it., Proliminawy

erparipente wore corried out using e 50-gelleon steel tank; a2 pyrotechnic
wvor buraed end the corbustion products were collected in the tank,

e o wos sampled for mogs-gpectrographic analysis, and the esercnol
wor extracted by washing the tenk down with sultable solvents, It

vaz found, however, that thic process woeo very tims-conguming, and with
srnll somples the repeatabiliity of results was poosy. I an inert gos
wag present in the tank, the ges anclyeis wag found to be ineccurate,
spporently heczuse of dilution. Accordingly, while this experimental
procedure may be gultable fdr very large deviceg, an altewnctive
approoch ig necded for evaluating smell-geale pyrotechnic compositinne

o

in the lsbhoratory.

Since 1t was desirable to improve on the tenk technique, several

=t

othor methods were evaluated. In one approach the pyrotechnie wag
burnad and fho preducte of decomposition were collected in a five-liter
threc-neek flack. In another approach the products of décompoaitien

of the buvning pyrotechnic were used to inflate a plastic bag. The
firct method suffers from the inherent digadvantage that the pregsure
in the flack incroases during huraning, and this may result in & veria-
tion in bumning réte and decompogition producte of the pyrotechnic;
nevertheless, usceful information on the burning of C8 pyrotechnics

haz baen obtained uging this mathod. Both methods erable the amount

of noncondengable gaces produced to bz readily deteymined by mesgurement
cf the preasuve rise.

ihe complete five-liter glass recéiver test assenbkly ic shown in
Fig. 19. The pyrotechnic canigter (shown in Fig. 20) held up €2 25
gramne of miznture. The symtem‘waz arranged to allow the pyrotechnic to
clochornn eiihor into 2 vacwum or into & helium atmogphere., I the
test wes firved into siy, gas anslyois was unrelieble becaunse of the
mizine and poncible furthor chemical reaction betwoen the combuﬂtioﬁ

4

prodnate and the oxypen and nitrozen of the alr.
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& leorgor elumlnum canister was also designed for pyrotechnic com-

poaition studiecz. Its‘dimensions, 5.85 cm in diameter and 11.°21 cm
deep, were gclected to duplicate ap nearly as posgible the gilzes uﬂed
for the service grenade. The canister wag fitted with seversl adaptors
for the gar sampling leed, the thermocouple leads, the pressure gage
lead, and the inert gas puvrge lead., Wirez were attached for hot-wire
i@nition. Pyrotechnlc mixes were pressed directly into the canisgter

in five increm2nte to give uniform preszing density. For total recovery
teets, the pyrotechnic was fired horizontally into a clozed container

? fitted with & polyethylene bag to collect the gases without a pregsurec
- rige (gec Fig. 21). If it is deecmed necegsary, the whole unit can be

evacuated end then purged with helium to reduce contamination by air.

POLYETHYLENE
BAG

IGHITION LEAD

PYROTECHNIC

| :~COL%§%ygN'
B . CHAMBER

: THERMOCOUPLE

5 C T LEAD

L GAS SAMPLER#}

; PRESSURE GAUGE '

i . T4=-4200-2T0

f FIG. 27 PYROTECHNIC TEST ARRANGEMENT ISING POLYETHYLEME BAG
_ o FOR GAS COLLECTION




The uge of 2 polyethylene bazg for collection of the by-producte
offera soveral advantages. Contamination ig kept to a minimum when
using ag@hts. The polyethylenevbag ie kept flét and a vacuum may hbe
pulled on the system to minimize elr or helium coﬁtamination of gos
sswples. ALl of the producte are collected and gns output may be eagily

deternined wlthout back presgsure on the pyrotechnic during operation.

This gystem of recovery of agent haz gome significant adventages
over conventional chember or wind tunnel technliques. Ko extrapolation
of the date ir necded gince actual agent concentrations are measurcd
dirvectly. Itg largest single drawback ig that little can he learned
of particle size and cloud duration. The cloud particle size isg readily
determined via impact samplersz or through setiling studies in a chamber.
From our expzrvience the mozt important aspect of sgent-generating
pyrotechnics is agent survival through the pyrotechnic. If the agent
survives and is ¢xpelled to condense outside the pyrotechniec, its
particle size will probably be small enough to remain digpersed as an

azrogol. We have not seen exceptionsg to this, though exceptionz may
zigt.

A determination of the ingredients which are discharged ag a gas
or remain ag residue in the pyrotechnic is only representative of the
information really desirved, since on cooling the by-preducts frow the
pyrotechnic, the egullibrium is chifted and the compoundg which exisgted
et high temperatures ars no longer the game ag those analyzed. A
direct analysis of the gaees and solide which are present during com-
bustion would be idecl, but in lieu of this impracticality an egtimate

of the actual products must be made from the data which are available.

The formulation selectéd for the study of MiA-based pyrotechnice con-
elsted of 42% MAA, 28% KC1O,, 11% sulfur, 19% NaHCO,. In the initiel éfudm
ies, the pyrotechnic was burned in 2 heavy-walled aluminum canister with
the gases being collected in a polyethylene beg; after burning, the voluﬁe
of the noncondensible gas generated was measured by a water-displacement
procedure, and a gaomnle of the pases was col}ected in an evacuated stainQ

lezn sieel cylinder for mess-spectrographic analysis., The burning
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otarninaed b” tE“ uns of & thermooouple which wan

1ie

s o8 : ) - 5 L 2 eda
pyrotochnie during leading of the conister, wh

see obteined by viauol oboorvation of goan enlanion

Cand

Fﬁthyl@m@ chlovide woe uzed am 2 wezh for the hot f“‘@“ from tho
rrot . sehnlc.  The goeos from the pyretechnic were dischorged bhelow
tha liamid level in the reecziver and vwere forced thfowgh the golutilon.
Moﬁﬁyiﬁyc chlooide is very stable and no renction with the pyrotechni

1 woe obsorved. An edditional advantage to the uge of mothylen2

e}
[
u
m

chloride wog the epss with which a collected sample could be concentrated.

1 4T

Gvornight storage in the hood ucuslly allowed a sample to bo concentrated
to & e0lid. Cere wos eﬁercis@d to prevent contemination of the goe

compler by the collection solvent.

"L

in epalyzing noncondensable geges by mosg-gpscetrographic metheds,
it was found that the mrthylens chloride vapor and helium interfercd
with accuracy of gag analyszis, go the ges samples for this purpose
vers dromm ¢irectly from the pyrotechnic device into an evacuated glage
cylinder. A romotely opsrated, normally closod solenoid valve was used
for sempling the ger. The glags cylinder was attached to the velve and
the eystem wos evacuated to,a very low predgurenmdu iqg the tegt the
polenoid valve was opencd allowing the gases from the pyrotechaic to

bz forced into tho glees gampler. All controls and recording instrumentg

cerc located soue 30 £t from the device and are protected by o twansparent

protective shield. Pyrotechnic presgure end tempsrature meapurements

vore vocorded on e 12-~chennel Visicerrler which wsaz operated with o

ebers sposd of & to 1 in./see. The gelvenomaters were calibrated to

glve maximun deflection on 8 in. paper for expected temperatures and

DYSCrursY.

Afer fixing, the gog gample wos removerd for entlysis and agh

mxn recovered from the pyrots Hnic. The osh wap pround in

Iehoratory grindor to g fine powd@r and suitable aliguots
phre vintetind fFor enclyole.  Any apent (or simulent) do rocited outaoide

wrotcobnio doviee wain waghed into tho wothyle
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(1;? o ehiorido; the bog wee pimilerly woshed. As e cheol, the voluwn of
|

anrratod wae mma@uved o« gevoeral occagions by elininnting the uso

o, mz'ﬁvicmﬁ chioride and gimply determining the volume of the gaces

in the bop eftor cosling.

Tho portipent exporimontal detailé for two t@gﬁ burnings, Ivne
E-2 and BE~3, are glven in Table VII. MNase- spzctrographic snalyels of
tho noncondencahle goges wae carried out for pyvotechnic runs B-2
gnd B8, and a con vemtiomwl‘inorganic wet anzlygis was elco periformzd
on the solid residue. The data from these enalyses are given in Teble
ViIi. Sows care must bs taken in tho interpretation of these results
b

208 of tho large amount of unidentified meterisl.

: The vesulte shown in Teble IX indicate that the coolant, sedium
f ‘ bicarbonate, produces o glgniflicant amount of carbon dioxide end that
the chief volatile products formed from the sulfur are traces of CS,

; end CO5. Tue wet annlysis performed on the regidue in the canister

| revenle that the chlorote ion is being converted in the comhugtion
- ~ prozess to both chloride and perchlorate, and that the gulfur is

exlidized primsrily to sulfete.

% Since techniqueg for cowprobnn ive analygis of the suspected com-—
i buztlen products were not previously available, it was necessary to

§'. develop suitehle procedures. On the bassis of X-ray anslysis of by-

E products of pyrotechnle regidue, it was reported earlier that some
avdfonction of the MAA ring styructure may héve beon taking plaée.
Chamicnl anzlyals shows this to be untrue-~the MAA ring structure is
vemrining intact. However, elemewtsl sulfur and the elemontal carbon

|

{

é' ‘ bkove both been found in significant quentities; thio-type compounds
g appeer to he probeble constituents of both byvproducta.‘

Wx. Diener of Edgewoed Arcenal pointed out that meny of the sulfur
congpovnde formed during the burning of the pyrotechnics may be sensitive
to moloture, Teo ascertain whether this wes an important factor, a pyro-

echnle wan subgeguently burned in a dry box under a blesnket of helium

RS

amwd the 8@iidﬂ collected from both the gas phese and the sgh. Theso

2

rumrion, fhaneht o centein molsture-sencitive thio-carhonates end other

1, ware vhon enclyzed,

en
o




Tobie VII

. .
TROTIMNIG I

TATL, BALARCE

~CONTALNE

Paroroters Test B~2 Test B-3

wing preszurs (pola) 12,1060 6,375
Fywotashnie demalty, g/ce 1.825 1.37
Vzight of pyrotechnic (g) 22.6 13.3

b (o) 2.74 ‘ 1.92

1N
(%3]

Burning tim2 (sec) 56

(e volums corrected to

C°C end 1 atm (liters) 2.9 2.10
Vzight of vesidus {(g) 11.8 7.1
cht of gas (p) 5.42 3.9

Yaleht of mevozolubilized
moteviel (g} 6.0 2.3

&n

Burning rate (ci/soc) ‘ 0.0487 0.042

Purming prescure (wm Hg, goge) 5 2

(41
)]
B
A

Temporaturs in pyrotoch e (°0) 335

Temparaturs in orifice (CC) 325 360
v ~ wyn £l e 0 $] ~ P
ing surfeee aree (o) 5.05 5.08
Averars noleculay walght of
fonteletal 40.7 40,9
onerated/g pyrotechnic
125 188

P
il
i




Table VIII

WET ANALYSIS DATA FUR THE SOLID PHASE

Test B-2

Test B-3

Species (wt %) (wt %)
c1 2.8 10.4
c10, 11.2 2.8
50, - 0.1
co, 3.5 2.7
SO 11.0 . 12.4
K* 19.6 14.9
Nat 6.5 10.5

60.7 53.8
Unidentified
material 39.3 46,2 J

Table IX

MASS-SPECTROGRAPHIC DATA FOR THE GAS PHASE

Test B-2 | Test B-3

Component (mole %) (mole %)
co, 71.0 77.0
A - 0.1
CGs 1.3 1.2
s, 1.5 0.6
K, 0.5 0.7
H,0 1.3 1.1
N 3.4 7.1
CO 8.9 3.2
o, 12.2 9.0
100.1 100.0

(471
o]




Methylaminoanthraguinone ig ingoluble in water, whereas a sulfonntéd
ﬁethylaminoanthraquinone ié water soluble. Accordingly, aliquét portions
»f the agh and the condenéed vapor were extracted repeatedly with hot
water. The filtrate was then *veated with 2N NaOH and then with Na SOy
and'NaBSQQé. Development of « pink color would have indicated the
presezez of gulfonated MAA.  Tae procedure was tested using sodium
methylsnthraquinone sulfonate as a sulfonated substitute for sulfonated
MAA and a bright color was developed. The test was negative for both

ash and vapor, indicating nc sulfonation.

The literature!® describes a potentiometric titration for estimating
thiocarbenates quantitatively in the presence of sulfide, xznthates,
chlorides, and carbonates. The apparatus employs a silver wire electrode

and a calomel reference electrode.

A titration curve which was obtained using this procedure is shown
in Fig. 22. The inflections which appeared differ glightly from those

reported previously, but some observations can be made:

1. Inflectio: No. 1 is near that which has been attributed
to gulfide. If it is due to sulfide, it represents about

1% by weight of the ash ag sodium or potassium sulfide.

2, Inflection No. 2 is near that which has been attributed
to trithiocarbonate (CSS=). Eﬁ it ic due to trithiocar-
bonste, it represents about 7% by weight of the ash as

sodium or potassium trithiccarbonate.

3. Dithiocarbonates are reported as being unstabie in sol=-
ution and would not be expected to be titrated. Mono-

thiocarbonates are not discussed.

4. The broad No. 3 inflection occurs at an emf which has
been attributed to sodium xanthate-cellulose complexesg.!®
It is conceivable that a xanthate-like complex could

be formed, during pyrolysis, of the structure

CH, —o—c-g— (Na,X)
If this is the gctual gsource of ianflection No. 8, it repres-
entg about & to 9% by weight of the ash as sodium or potas-
gium onlt.
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FIG. 22 TITER OF PYR2TECHNIC RESIDUE

While the titration curve is quite interesting, it must be noted
that it does not establish the identity of the substances being tit-
3 rated.  Actual identification of the pyrolysis products is possible
by chemical analysis. However, this would bo qﬁite expengive and
dozg not appear to be justified for an MAA pyrotechnic which is only

a simulant.

The exact role of sulphur in the operation of the pyrotechnic
remains In doubt. The appearance of small amcunts of CS, and COS
in the wvapor phase of the generated material indicate that the sulphur

acts in part as an oxidizer in the reactions.
The aprearance of CS; and COS 1is not surprising, since CS, is manu-

fnctured by heating carbon and sulfur in en electric furnace or by
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reaction of methane with sulphur vapor. Carbon oxvsulfide ig prepared
by the reaction of carboﬁ disulfide with sulphur trioxide te produce
€08 and S0, or by direct recaction of carbon monoxide with sulphur or
by reaction of water vapor with carbon disulficde at ﬁemperatures bclow
400°C. The production of these compoundsg lLowever, is indicative of the

reducing atmoaphere exigting in this pyrotechnic mixture.

The production of measurable quantities of KC1Q, in the ash was
rather surprising, so further tests were made. It was found that the
larger pyrotechnics did not produce a measurable amount of KCiQ, and
that all of the original KC1O0; could be accounted for by the KC1 present
in the ash. The fact that KC10, is not generated in the larger pyro-
‘technics is probably due to more efficient combustion and the slightly

higher temperatures that result.

A'typical analysis of the reaction products for a standard mixture
of 40.6% Cs, 25.2% KC10;, 11.6% kaolin, 3.2% NC, and 19.4% lactose was
obtained by application of the total collection technique. An end-
burning pyrotechnic unit containing 223.5 grams of pyrotechnic mixture
was burned énd all solids and gases collected for analysis. No methylene
chloride was used for gas cdoling and the uunit was thoroughly purged
with helium before the test. The average burning rate, determined from
the length of the charge and the burn time, was 0.031 cm/sec or ©0.012
in./sec. The final volume of the gas on cooling was §.82 liters or

0.241 £t3.

The effective CS discharged was 57%. This doecs not necessarily
impiy that all of the CS discharged was in aerosol'fnrm,'since some
CE would be expected to be lost by condensation on the orifice plate.
It is therefore estimated that 57% is the highest possible figure which
could be considered for the effecliveness of this particular config-

uration. Table X summarizes the analytical results and calculations.

A preliminary balance of the chloride 1 s indicated thav a
gipgnificant amount of the chlorine was not accounted for. Accordiﬁgiy,
the data end procedures were re—examined. The analysis performed on

the ash necegsarily useg a varjety of analytical prozedures, and it

22




Table X

SUMMARY OF ANALYTICAL DATA FOR CS PYROTECHNIC
(Ead Burning Design)

Composition Composition
of of Products
Pyrotechnic Residue Gasg
(e) (&) (g)
CS ‘ 80.7 22.5 51.6
KC10, , 56.2
Lactose ' 43.5
Kaolin 25.9
Nitrocelluloge 7.2
Al;0,.810, . 21.4
KC1 31.2
KC10,4 10.1
C (free solid) . 4.3
H,0 (calculated from lactose
and keolin) 29.4°
H, W ' ‘ ' 0.03
N, , 0.27
co mass-spectrographic 1 19.4
ratios used to es-
€0, $ timate relative 29.50
CHCl, amounts ' 0.45
G, H, (CR) 0.81
G CL ' 0.09
L
HC1 (preliminary detcrmination
by base titration)* 4.45
Total Analytical Estimates : 89.5 136.00
Measured Weights - 223.5 89.85 | 133.45

, *May be subject to correction for trace quantities of CO, and for
chlorobenzoic acid.

hzg beon observed that the anion agsay ig usuvally higher than thevcation
‘ancey which implies fhat some HCI may have been absorbed on the kaolin
reaidue. Interpretation of the ash analysis suggested that HC1 must

be produced; and in addition, the computer predicted its exiéteuee in

tie comhugtion products. (The gas anslysis procedure does not permit
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HC) determination, siuce HC1l is ahrorhed by the water formed in the com-
bustion process.) 1In & separace exparimer* the ash was dissolved in water
and found to be only slightlybacidic. The gas from a duplicate pyrotechnic
was bubbled through the water and the water wvas filtered twice to remove
any traces of solids., The water (pH = 1.8) was then titrated using a
standard NaOH solution. A quantitative analysis of C1 bas conformed that
the principal acid is HC1l. The water was found to be slightly more acidic
than could be accounted for by the missing chlorine. Trace quantities of
dissclved CO, and orthochlorobenzoic acid (not identified so far) may con-

tribute to the totali acidity.

The pyrotechnic ash sample was washed to remove all water-soluble
materials and was then fired at 850°C to remove all traces of organic
materials. The material remaining should be kaolin residues less the
bound water; this was found to yield 102% cf the theoretical amount |
nf kaolin (less water) and is considered to be within the accuracy of
the experiment. This result suggests thatvkaolin is unchanged, apart

from dehydration.

The following statements can now be made, based on the analytical

results:

1. The kaolin losésionly water and does not react or enter
into the combustion process (the equilibrium computer

progran suggesied ‘Al 03 and silanes might be produced).

2. With water and HCleresent in the gaseous products,
the CS is effectiveiy maintained in an acid environment

during vaporizationx

\
3. Considerable amounts‘pf HC1 are generated and in asso-
ciation with water mak serve to provide nucleating

sites for the vaporizeﬁ agent,




If the gases from a conventional CS mix are bubbled through water,
the water becomes acidic, and if the ashes from this game pyrotechnic
are placed in water,ythe water becomes slightly acidic. On the other
hand, the gases from an MAA pyrotech:ic bubbled through water give s
glightly basic response and the sshes digsolved in water sve highly

hasic.

Agent CS has been found to be very stable under acidic conditions
and can be stored for months in highly acidic sclutions without measur-—
able degradation. We ha;e stored samples in acidified water (pH 1.8)
for one year without degradation; howsver, in a basic solution CS
completely degrades in a matter of minutes. MAA on the other hand,

is stable in basic solution but degrades under acidic conditions.

The acid-base nature of the pyrotechnic by-products are thus an

‘important factor in deciding which agents can be disseminated using a

particular fuel-oxidizer-coolant combination, More work needs to be
done with various agent simulants and fuel-oxidizer combinations to

firmly establish this conclusion.

- E. Relationship of Composition, Thermochemistry, and Yield

Using the total collection method of analysls, we made a series
of tests to study the effect of varying the CS level in the standard
powdered mixture (nominal composition: KC10,, 25 parts; NC, 2.2 pafts;
lactose, 19.8 parts; and kaolin, 11.5 parts;vCS level variable). The
prime goal of these tests was to obtain temperature and decomposition-

product data for improving the computer program. Tests were performed
in 2.3 inch diameter pyrotechnics containing approximately 235 grams

of pyrotechnic mix,
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Figure 23 shows the proportion of CS acrosolubilized and retained
in the pyrotechnic agh after fi.lng. It is interesting to note that
optimum percentage aerosol yield is obtained at a loading level of 35%
CS; as the loading increases, praciically all the additional CS remaineg
in the ash. Burning raté data for the composition are given in Fig. 24

and temperaturce data in Fig. 25.

It willi bhe seen that a gignificant drop in burning rate occurs
at the level of 35%. The flame tenperature as measure¢ by two embedded
tharmocouplesg, A and 3 in each pyrotechnic, is shown to be a smooth
fuhction of the CS diluent level. The significant change at a weight
fraction of 35% suggests that an examination of the volumetric distri-
bution of the pyrotechnic ingredients may confirm that high levels of
C5 form a system in which the CS is a continuous rather than a dispersed

phase in the pyroctechnic body.

In another series of tests the kaolin-KCl0; ratio was varied using
standdrd amounts of CS, NC, and lactose (40% CS, 3.2% NC, 1¢.8% lactose,
and 37% KC105-kaolin). The data show similar trends in that the optimum
yield of CS is obtained at a stoichiometry close to that of the standard

formulation. The results of these tests are shown in Fig. 26.

In order to elucidate the role played by the coolant (kaolin) in

the standard CS mix, several alternative materials were examined. Some

of these compounds do .10t possess tound water. A summary of the data
is presented in Table XI. The basic formulation used was: 40.6% Ccs,
19.4% lactose, 25.2% KC10;, 3.2% NC, and 11.6% clay.

All of the gamples were prepared and pregsed in the same manner.
It is interesting to note that the clays all performed well--even a
calcined clay which does not¢ contain the bound water. Calcined dia-
tomaceous earth appears te offer cooling and a fair yield, but the
alkaline metal carbonatey gave an extyemely poor yield and, with the
exception of NaHCU,, the temperatures were not exceedingly high. Fur-
ther study is required to determine the function of the coolant, since
it is obviously not a simple cooling process associated with the re-

leasz of bound water.
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C. Residence Time Experiments

an effort was made to isclate the important variables which affect
the output of agent disseminated from a pyrotechnic. Initially, the
oﬁvious variables were assumed to be (1) processing techniques such as
forming pressure, orifice size, and blending of ingredients and (2}
ballistic parameters such as burning rate, tempzrature of burning, and
pressure of burning. Another major variable ig certain to be chemical

ccaposition.

It was noted in reviewing the data that the output seemed to be
related to the action time (burning time) of the pyrotechnic as well ag
to the size. In order to check this observation, three pyrotechnics
were made and burned which contained a nominal 240 grams of CS pfro—

technic mix with different burning surface areas.

The dwell time of agent in the flame zone and the char bzd of the
pyrotechnic can be equated to a residence time‘which is characteristic
of the free volume in the canister and the flow rate of the combustion
products. The regidence time should be of importance in determining k
the extent of thermal pyrclysis undergone by the agent during the dissem-
ination procegs. The criticzal nature of the residence time was demon-
gtrated by measuring the agent output as the regidence time wos changed
by an order of magnitude. Variations in residence time may be obtained

in several ways:
1. By increasing the buin rate of the pyroctechnic mix..

2. By increasing the pyrotechnic density to better utilize
.the overall volume.

3. By increasing the burning surface area to decrease
action time. '

4. By increaging the size of the pyrotechnic.
5. By decreagzing the free volume in the pyrctechnic.
€. By using a mixture which produces more gas to increase flow

rate of gages.

7, By incressing the gas temperature (thic resultg in increased
pag velume).

~]
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A11 of the appronches for variation of resldence tiwe were reviewsd
and an experimznt woe outlined to wvory reoaidence time uzing a constant
formuvisntion; this eliminzted iten 6, which would rvcoulye & formilation

chenape .

2 1

Althcush other mothods weve investipoted, the most successful method
of chepging the residence time was by changing the frec volume and the
burning surface area simultaneously. Thig technique allowed an order

or magnitude change in residence time to he cuiained.
Using conrentional concepts of residence time in a chemical reazctor

tho yeoldence time ¢ is given by

«)
$

F

i3
&)
\1‘

\u¥
= ygeidence time

volume of reactor (Iliters)

< 4
I

volume flow rate (literg/scc)

e
i

in order to apply this concept to a pyrotechnic, the simplifying approx-
irations czn be made that the combustion products remain at a unifdrm
temperature after formatlon inside tho deviece and that the volume of
tbe ash regidue does not seriously ziter the flow velocity. In actual
devices the frace volums changes during burning; however, for comparative
design purpoces it ig pufficient to compore the initial, final, or
average residence timos.

A larger pyrotechnic was decigned for demonstration of residence

tixe and for studies involving size as & parancier, gince physical

limdtations of the 5.85 cnm diamnter would not allow the internnl desipgn

inAllty zu,rmu The large pyrotechnic voan 12,7 om digmeter x
om long,  Tho 12.7-cn-diamoter uaild woo dnstrumented in o foghion

ey to that 6f the B.80-cm-diomnter unilt.

ternt confipuration of the lawrgs unit. Tho

o~ " o f T, L R I - T . . T, “
by gcnon on the gids ol the pyrotechnic.
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FIG. 27 LARGE PYRCTECHNIC DESIGNED
FOR SHORT ACTION TIME
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CBrogmure mesgurenents were made throuph the end plate. The pyrotechnic

woo wade in geveral configurations including o sclid endburner and 2

periorated design. The configuration shown wos made by pressing the
froo stending vode and then packing them into the unit. An ignition
wire can be seen in the "boefore test' picture threaded through the rodg
of CS pyrotechnic mixture.

& lavger rcoeeiver wag used for collecting the agent and gasesz from
the very large pyrotechnicg (1800-3000 grews). This was found to be
neecosenry for very short action time pyrotechnics becausge of the high
reton of gas flow. The tesgt arrvangement for the 12.7-cm~diameter pyro-

technic is shown in Fig., 28.

Fcor the gize of pyrotechnic device under study, flow rates can be

calculoterd from a knowledge of the gases produced. Ingide the deviece

. theoe congiat of noncondensable combustion products and CS at the

conbustion temperature. The standard C3 formulation was uszed for these

tests. €35 output wag collected by the previously dezcribed methods.

.Only the very large high-flow-rate units required special attention,

and goveral tests wore made before gatisfactory recoveries were wmade.

Gos volume gencrated per gram of pyrotechnic was asgumed to be
coustant aince temperatures were not far diffierent for any of the tests.
Gas voluuz was baged on measurements made during the material balance
studies in which a value of 0.52 liters of gas/gram of pyrotechnic was
deternmined. This valus wes obtained by measuring the total gas output

gud by covrecting to e temperature of 600°C.

Tiie free volume was calculsted baced on a dengity of 1.5 g/cc which

wvea mengured at a forming pregsure of 10,000 pgi. In ordexr to cobtain
2 final frez volums, the ash.fas pulverized and the density measured
uzing hoptane as o fluld. Two agh dengity measurements ﬁere made for
oreh grmnle with extremaly good agreemant between tegts., A sample cal-

culation of reogidencoe tine follows:




TR

FIG. 28 COLLECTION APPARATUC
FOR LARGE PYROTECHNICS

~volume of gag generated (at combustion temjerature)
F ' burn time of the pyrotechnic

<.
]

Using data from the first pyrotechnic in Table XII, the volume of gas

generated can be calculated %o be 69.4 liters. Using the burring duration

’of 179 seconds, the volumetric flow rate is 0.4 liters/sec, giving

an initial resgidence time of 0.42 seconds. After burning, the free
volume changes to that of the canister less that of the ash. The

final rzsidence time is calculated using the same flow rates but a new
free volume. The volume change is approximately constant for the small-

scale pyrotechnic, and an average final voiume is 0.262 liters. Thur,

the final regidence time is 0.66 seconds.

It was previously reported that the datawerenot'adequ&te to correlate

the relatlonship of resgidence tlme with output. The data were reviewed;

76
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s dicercpancies were found and additionsl data points were added.

4 leact sonares fit wes obtsined and plotted (Fig. 29). The correlation

con¥ficient weg found to be egual to -0.885. This value indicates
that the probability of getting a correlation coctficlent as good zs
hag boen obtained whennone exists is less then 0.001. This is conaid«
ercd to be acceptable evidence that a cerrelaticn has been established

belween regidence time in the pyrotechnic and jyield.
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FIG. 2% PLOT OF % YIELD vs RESIDENCE TIME

BEecouce of a difficulty in recovering agent and because of variances
intreduced by the differept configurations reyuired, it is felt that
more data ghould be taken. Certainly an improved correlation could be
ooutained if a batter model of recidence time were formulated. However,
the present model dozs demonsgtrate the potential importance of residence

time in determining the dissemination efficiency of a pyrotechnic design.

L. Experimentel Study of the Coxbustion Zone

ihore is censiderable information in the open literature on the

sturn of tho combusgtion zone at the surface of hormogencous and




A leant sguares fit was obtained and plotted (Fig. 28). The corrzlation

coafficient wes found to be equal to -0.8%6. This value indicates
that the probability of getting a correlation coefficient as good asg
hng been obtained whennone exists is less then 0.001. This ig coneild-
erzd to bz acceptable evidence that a cerrelation hag heen egtablished

between resgidence time in the pyrotechnic and yield.
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FIG. 22 PLOT OF % YIELD vs RESIDENCE TIME

Because of a difficulty in recovering agent and because of variances

introduced by the différent configurations reyuired, it is felt that
more data should be taken. Certainly an improved correlation could be
obtained if a botter model of residence time were formulated. However,

the prezent modzl does demonstrate the potential importance of residence

time in determining the dissemination efficiency of a pyrotechnic design.

D. Experimental Study of the Cowmbustion Zone

Thera i censiderable information in the open literature on the

neture of the conbustion zone at the surface of homogencous and
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hetevogencous solid rocket propellantz. Wiile the general nature of the
cenbistion of & solld propellant 1s well undergtocd, the digercst micro-
zliistic phonomena of hetercgencous propellants or pyrotechnics have

not boen completely explained.

In our work i? was declded to examine the temperature profiie of

the combustion zone in an attempt to define the thermal environment ir

which the agent must survive. Hdext, the pressure sengitivity of the Lurning

ra.. was examined to ascertain if rocket propzliant design concepts
could be used in the gtudy of pyrotechnics. Finally, a study of the
phyeical and ch-mical characteristics wag undertaken to provide data

for the combugt: .2 modeling study.

1. Thermocouple Measurements

Embedding of thermocouples in the pyrotechnics wag done throughout
the program. The thermocouples were installed through the gide of the
pyrotechnic uging Conax fittings with a neoprene rubber sezl. Couples
werz not placed in holes drilled into the pyrotechnic but were prassed
directly into the mix between incremental pressings. Even though the
thermocoupies were positionedrhorizontally over the pregsed increment,
they sometimeg shifted on further pressing, resuiting in a damaéed
cecuple. Thie was not a common occurrence, and continuity and resistance
weré checked before each test. At first, glass beads were placed
arnind the couplea in gome tosts to protect them from the direet com-
bugtion environment, but no change in temperature readings wasg noted.
Since the increased regponge cime caused by the presence of the beads
waz a disaedvantage, thig practice wag discontinued. The thermocouples
which were used were 0.010-in.-dismeter Chromel-Alumel from L and L
Thermo~Enginesring, precalibrated at threc temperatures: 200, 400, and
600°C. The thermoccuple calibrations are traceable to NBS agtandards
(Teat No. 175190-17). One order of thermacouplesz showed calibration
evrors of only 0.2, while the next order of couples shoved calibzation

2°C at 200, 40C, and 600°C. An ice hath wag uzed for

Junetlion, Chromel-~Alumel wire wag uaed throughout the syoten,

wen aniibirated dally uzing a null potentiomeier. Output of the
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tests wos recorded contlnuously on a recording galvanometer (12 channel

<

Vigicorder) with approximately 1 in. of deflection/1C0°C.

During the combustion of a pyrotechnic, a quasi-stecady tempuratura
profile is established: a significant factor is the heat conduction
from the primery combustion zone to the surface which preheats the
pyrotechnic.  In examining the temparature profile data, it will be
geen that thos: 18 no sharp demarcniion which defines a narrow primary

reaction

<

Typlcal temperature and presgsure measurcmentg for MAA pyrotechnics
are shown in Figs. 30 :nd 31. The thermoccu . 25 arc pregsed into the
pyrotecknic at evenly spaced inteivals. Althcugh the units werc identi-
cal except for orifice gize, the effect of this paramcter ig quite
evident. One pyrotechnic unit operated at ambient pressure had an
action time of 230 seconds while the other unit operated at 24 atmos-

pberes presgsure had an action time of oﬁly 125 seconds. This is an
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FIG. 31 TEMFIRATURE AND PRESSURE MEASUREMENTS FOR A YYPICAL
WAL PYROTECGHUC
indlieation of the gainz ian action time actaincble through the uso of
higher progesures which give corregpondingly higher hurning rates. For-
pouiction changoes wonld be necessory to optimize high pregsure opiration,
gince temporaturen in the pressurized unit were H0-757C higher thon
thoss cohtoined in the low pressure unit.
It should bo noted that the rate of tomperslure iso ‘sriece as the
|
; Peretion zone propreeseg through the pyrotechnic mixture| This ig on
I
¢ dnddooxion that the prehent zone grovs progregaively thiczer ac the
chey bnd thickases constantly ineresess., It is gﬁcu e wtherefore that
varies as a funcltiow of the wi i\ mess of the web
vensfer in the soliad phase, ahesd of the
siganidicantly to the burning vate throuph
vy “wure ¢honpoo in thoe goldd perotechnic mixture. In additlo iv
4 bynothenizod that agent yield is not covﬂt‘h+ during the full




Tuermocouple measurenants were alse made on €S pyrotechnics; two
typical records are shown in Figzo. 32 and 33. In this cege attenpted
operation at higher than ambient pressure led to chuffing (Fig. 33).
Chuffing, which can be described ag a series of extinctions and reipg-
nitions, 1g usually ascsociated with intermittent heat transfer and thermeal

wplosions in tho solid phase. Time was not availaeble for the explora-

o

tion of pozsible remedial methods for suppressing the pressure surges.

fuel and oxidizer are homogeneous. A visual interpretation of this
pheacmenon ig that the KC10; spontaneousgly decomposes in layere which
cauces the alternatsly fuel-rich and oxidizer-rich suirfaces to become
exposcd. Although it was impractical to determine the burning rates
undexr high pressureg in the pyrotechnics, the strand bowmb wmeasurements
indicated that the burning was smooth in the larger volume of the bhomb.

No surges cccurred, or if they did occur, they were magked on the pyres-

sure readout by low amplitude due to the large volume of the chamber.
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FIG. 33 TYPICAL CS PYROTECHNIC THERMOCOUPLE AND PRESSURE MEASUREMENTS

2. Photographic Studieg of Burning Pyrotechnics

In an attempt to gain insight inte the reaction processeg occurring
in the combugtion frent of the burning pyrotechnic, photographic studicesg
wvzre corried out using infraered film. The pyrotechnic wes pregsed into
gilnns canlsters for these geudlez. At the temperatureg involved in the
>CPmbu$tiﬂm of pyrotechnics, betwoen 500~100°C, approrimstely 99% of the

regiogtion emitted ig in the rangs 15,0600 to 20,000 R, vhile the Type
413 Polzrold f1ilm used in our studies has a usable wavelength ronge of
3,700 to 9,200 A. Although this gencitivity range w9 not adeguate to
provide an cutlinzg of the ficw characterisgtics of tin: hot gases in the
govice, it wos adzguate for identifying the path of the combuastlion wave

thourh the body of the pyrotechnice.

Fuors tho photegraphs obtained, there is an indication that the buvrning

;2 1o not houoronoocues. It eppearc to conzist of digerete particles

PO




ntonoovely dosomporing with & relecse of energy which hog suflficlen

L 3

e
leank intennivy to boe detacted by the Type 418 Polaroid Film, Two
conpooltionn were studled: the fivst, Compesition 4, compriscs éﬁn
Wi, 28% KOLC,, 19% NellCh,, end 11% sulphur; while Composition B com-
prises 40.€% MAA, 25.1% KC10g, 1€.3% sugar, 7.97 MzCO,, and 3.1% KC.
Under simiiar exposure conditiong, Compoziticn B appsars to have a thicker
recetlon zone than Composition A, OGur estimete for the relative |

t

o 5 mu for B and approximately 1 mm for A.

As the resction zore moves through the pyrotechnic, it leaves bzhind
2 thick char bed which ig semi-liguid, i.e., it appears to be & solid
bed with bolling liquid iuntercpersed through the golid. This liguified
portion appoare to follow approximztely 6.5~1 crw. behind the reaction
zone. This would indlcate that the efficiency of a pyrotechnic varieg
ag w function of time frox start to coapletion with the more efficient
opzration in terms of agent vaporization cceurring during the latter

stages of the functiocning tinme.

In several of the previocus tests usin 2tal canisters, the thermo-
coupls output becars erf%tic because the thermocouples apparently
melted during the last seconds of the run while the unit was operating
&t 500 to 600°C. As a result, it was decided that flash X-rays should
ko talon to d**cwﬁine whether the pyrotechnic was burning in an abnormal
monner. A §5.85-crm-dismeter pyrotechnie wae tested with thermocounles
presgad in place, and a series of 12 consecutive X-rays were taken
during oporation. Tho depth of the pyrotechnic material hwh 8.4 cu,

providing approximately 120 zeconds of burning., The an vye indicat

that the burining wos uniform but that heat conduction dewn the wotal

L1 of the pyrotechnic caused & conlerl i srning gurfaece, the cone

hoving formrd after 30 to 60 saconds of burning (ges Fig. 34). In the
droien of lorge pyrotechnicn, the heat of conduction dovn the wall must
b concideraed, since formition of 8 coze can contimuourly inercase the

burning surface and can cause s pregeure failure
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FIG. 35 1X1 CS Li-B CRDL PYROTECHNIC WiTH
PYROTECHNIC CHARGE REMOVED

It is interesting to note that the 34.8% CS loading used by CRDL
is cloge tc the optimum leading predicted in our studies. Since the
CRDL uszed a different pyrotechnic formulation, the yield data cannot
be directly compared to the data obtained in our regidence time gtudies,
but the ghort residence times of the CRDL pyrotechnic would be expected

to give high yields.

A test was made to determine if ylelds could be attained on the
erder of the 73-78% measured in the (1x1 CS LI-B) smzll pyrotechnics
in a2 gervice-grcnade~gize unit with the 35% CS mixture. A pellet
presa was used to make 0.375-in.-thick x 0.750-in.-diameter pellets.
These were pressed to between 6400-~10,000 psi and packed randomly
into the canister. Kerults of this test are given in Teble XIXI.
Although the yield from this test was not as high as that measured from
the 1x1 €8 LI-B units, it is comparabie. IT the pelletizing is done
while the slurry gstill containg a controlled amount of golvent, the

romiliing dried pollet will be hard and durable and the burning time




will be quite accurately predictable. The total burning time of the
pyrotechnic chould also be controllable. In the original tests large
nash scrseng were fitted inside the outlet ovifice to prevent the
pellets from being blown from the canister by aerodynamic forces.
Further work with pelletized pyrotechnic materials was planned but not

completed because of the termination of the program.

Table XIII

SUMMARY OF DATA FROM PELLETIZED PYROTECHNIC TEST

Parameters Values
Orifice diameter (in.) 6.375
Net weight of pellets (g) 210.0
Weight of gas (g) 154.0
Weight of residue (g) 54.C
Burning time (sec) e.0

Peak-to-peak pressure osgscillation (psig) 2-30

Temperature (2 embedded thermocouples) © 745-~745
Burning rate (in./sec.) ©.0153
Weight of CS expelled (g) 51.3
CS in Residue (%) 3.2

CS expelled (%) 70.0
Total CS accounted for (%) 73.2

E. Computer Studies

The importance of a computer program designed to evaluate pyrotechnic
ingredients has been realized by other invéstigators in the field of
dissemination. Programs have been developed for use on flares, heat-
producing pyrotechnics, explosives, and rocket propellants. These
grcggnms have been succissfully used to optimize Jormulations and to
evaluate new additives for their gfteét on performence. No suitable
Prograns are available Zor dissemination studies because true equili-
briun conditloas do not exist in a disseminating device.
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Ctho wicld of CS wers fixed before the caleulation was made and that the
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puarpoze of the calculanvion was to compare golid and gasszous fractlong
and the behavior of the other conatituents with measured roesults.
Unfortunately, the cemputer program docs not predict the carbon-containing
comgounds which were found experimenially, other than thosz of oxidizod
spreies., The effective use of the computer to prodict equilibrium
conditions ig therefere limlted by the available data on the products

being generated.

Table XIV

COMPITEN-PREDICTED DECCHPOSITION PRODUCTS

Gas composition after
Gas evolution from _ removal of water and

Component pzrotechnic (¥oles/100 g; HC1 (wt %)

i 5.5 x 10~ 2.2

co 7.5 x 107 30.

co, 6.4 3 107 25.¢

11 1.1 x 107

SiE,Cl, 1.1 x 1077 1.4

SAHCI, 2.8 x 1¢7° 0.6

X, g x 10 32.5

¥, 0 3.4 x 10

Na 7.9 x 10 3.2

810 9.5 x 107" 3.0

Production of Solid Residue

-J.?
Al,C, 6.73 x 10 . 21.2
ioa) . 3.10° 71.2
¢ 2.0 x 10} 7.6

.00.0
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COARISON OF EXPERINENTAL ARD COMPUTED PYROTECH

. W
Rezidue Composition

Al,0,-2S10,

> Compogition

I, O
.

&

N,

(]

Co

co,

CRel,
1 (C)p
¢, F5Cl

ETX

c, 0 0.85
ge.en 100.060
sred ropidus wmose fraction 